The most common biofouling-control method is chlorination; however, there is an increasing pressure to reduce or eliminate the use of chlorine. The utility industry developed so called "target chlorination" in order to comply with the environmental regulations [Mussalli, et al., 19851 . Further reduction in chlorination may or may not be effective to control biofouling; therefore, alternate methods need to be developed. The mechanical methods, such as sponge-ball cleaning [Renmlen, 19891 , are used in selected places, but for the reasons of costs, pressure-drop penalties, and uncertainty of their effectiveness to control biofouling, they are not widely used. Flemming [I9911 provided a summary of current and potential biofouling control methods. Among them were ultraviolet [Uv] and ultrasound [US] methods.
The UV irradiation is shown to be effective for destroying certain class of microorganisms; therefore, it is commonly considered for disinfecting water. However, it is not commonly used for controlling biofouling. Referring to the early investigations [Meltzer, 1987; and Kreft, et al., 19861, Flemming [I9911 indicated that the effectiveness of the UV irradiation for removing an established biofilm may be low due to entrapped particles and opaque biofilm may shield microorganisms. No long-term data are reported to determine the effectiveness of the UV irradiation of incoming water for preventing microorganisms from depositing on the surface.
Photoinactivation or photostunning of the marine microorganisms to prevent their attachment to the heat-exchanger surface is the desired result of the UV irradiation. Photoinactivation in single cell organisms is expected primarily due to the interaction of photon with the DNA molecule [Jagger, 1979; and Yang, 19761 . Some of the DNA alternations are irreparable, while the others are reparable in a given time [Calkins, 19711. Cruver [I9811 presented the UV dosage, expressed as W-sec/cm*, required for different microorganisms for 90% and 100% inhibition of colony development. The natural water, depending upon sources, contain many classes of microorganisms; therefore, determination of the effects of the UV irradiation on the overall biofouling process under prototype flow conditions is important.
The US treatment is commonly used for removing deposits from the surface by producing cavitation. The previous investigations [Hill, et al., 1981; Zips, et al., 1990; Pandolfini, et al., 1979; Burton, et al., 19841 showed promising results of biofilm removal; however, the lack of understanding to predict the energy requirement and scale-up to industrial heat exchangers are two major technical issues. Determination of the physical structure and chemical make up of an established biofilm is essential to evaluate the effectiveness of t h e US treatment for removal of biofilm with an acceptable energy level. No data available to evaluate the effectiveness of the US treatment of the incoming water for preventing microorganisms from depositing on the surface. The US treatment may not destroy microorganisms but it may temporarily inactivate them, and thereby prevent them from depositing on the surface.
An investigation was carried out to determine the effectiveness of the UV and US treatments of the incoming water. The experimental data were presented by Takahashi et al., [1986] . The present analysis was carried out to quantify the effects of reducing microorganisms in the incoming water on the fouling rate.
EXPERIMENTS
A long-term biofouling program at the Natural Energy Laboratory of Hawaii was conducted for a period of about 10 years [Panchal et al., 1985, Panchal et al. 19901 . A detailed description of the test facility is given by Panchal et al. [1990] . The warm-water intake is located about I00 meters offshore in a water depth of 20 meters. The water quality at the test facility represented tropical open-ocean water without significant changes for the whole year. The water temperature ranged between 25 "C during winter and 29 "C during summer. Average properties of the water are given in Table I . The fouling resistance was measured by a heat-transfer monitor [HTM] with an accuracy of 0.0035 m2 KkW. The UV unit consisted of mercury lamps irradiating through a Teflon pipe. Four UV lamps were installed around a column of four Teflon tubes to obtain a full coverage of the passing water. Figure 1 shows a schematic view of the UV unit. The interior of the enclosure acted as a reflector to ensure maximum UV dosage. The total system features a maximum UV dosage of 30 mW-sec/cm2 at 113 Um water flow. The power requirement of this unit was 200 watts. The model number was 30H and it was manufactured by Ultraviolet Technology of Sacramento. An overall flow diagram for the UV tests is shown in Figure 2 .
ULTRAVIOLkT LAMP Figure 1 . Ultraviolet unit.
The schematics for the flow loop and the US transducer are shown in Figure 3 and 4, respectively. A PVC chamber was equipped with a stainless steel US transducer designed to produce cavitation at 22 kHz in the chamber with a volume of 1.13 liters. An average sound density was about 1 W/cm2 at the transducer surface. Seawater entered through the bottom port and exited from the top port. 
BIOFOULING MODEL
The biofilm growth is affected by many physical and chemical parameters and it can be highly sensitive to a slight change in water chemistry, surface conditions, and operating conditions such as water velocity and temperature. Characklis [I9911 discussed steps taking place in the biofouling process. He presented a comprehensive physical model for biofouling ; however, the development of mathematical expressions for each of the biofouling steps is quite difficult. It is therefore important to under the governing step [s] and develop a simplistic expression that can characterize the overall process. The mathematical expressions can then be incorporated in a model that can predict the effects of physical and chemical parameters. Such a model can not only quantify the effects of physical and chemical parameters on the biofouling rate, but it should help to develop effective control methods.
Development of Biofouling Model
According to Characklis [I991 1, biofouling consists of three stages, I ) induction, 2) growth, and 3) plateau. Each stage consists of I) transport of microorganisms and nutrients, 2) deposition, 3) surface growth, and 4) detachment and re-entrainment of-biofilm. The biofouling resistance at the plateau stage is unacceptably high; therefore, the induction and growth stages are of major interest for the most industrial applications. 
The first term represents the net deposition of microorganisms. It is assumed that a fraction of microorganisms is re-entrained when they are in the transient stage. The second term assumes that the growth is first order with respect to biofilm. The third term represents removal of an established biofilrn due to the wall shear and weakness of the film is proportional to the film thickness. It is quite difficult to obtain experimental data to calculate individual coefficients. However, it has been shown that there is good correlation between biofilm mass and fouling resistance [Panchal et at., 19851 . The surface roughness produced by the biofilm can be measured by change in the friction factor [Characklis, 19911. It is also shown that there is a direct relationship between concentration and temperature with the growth [Panchal, 1985; Novak, 19811 (3)
The two undetermined constants, 01 and p, were calculated from the fouling data. The model is then used to determine the effects of microorganism concentration, Cm.
RESULTS AND DISCUSSION
Biofouling experiments were conducted at constant velocity and at an isothermal condition of water temperature which remained within about 1 "C during a given test. The fouling curve for the control test without US or UV treatment is shown in Figure 5 . It is a typical fouling curve obtained with tropical-ocean water. The test section was brush cleaned when the fouling resistance reached to a value in the range of 0.09 and 0.15 m2 WkW. A longer induction period was observed for the first cleaning cycle after which the fouling rate was comparable for each cycle. The fouling curve shown in Figure 5 represents the third cycle; therefore, it does not have the long induction period. Experimental and predicted fouling curve.
Ultraviolet (UV) Irradiation
An experiment was carried out to determine the spore kill of microorganisms. In a laboratory set up, a collimated beam of UV at germicidal wavelength primarily of 253.7 nm was used. A detailed description of the spore test is given in the report rakahashi, 19861.
The spore test was also carried out for seawater used for biofouling experiments at the Natural Energy Laboratory of Hawaii. In order to monitor the UV dosage that seawater received, B. Subtiiis spores were injected into seawater preceding the UV unit. An analysis of the number of surviving spores after UV exposure compared to the number of spores in seawater determined the fog survival values. The field data are presented in Figure 6 ; log survival as a function of exposure dose. Apparently stirring did not have much effects indicating the colony growth was not affected by the transport of nutrients. Note that E, Plot of log survival as a function of UV dosage.
The exposure dose during biofouling experiments was in the range of 40 to 50 mWsec/cm2, which gave log survival of -0.54 for an average dose of 45 mW-sec/m2. The resulting fraction of surviving microorganisms was 0.29 and it was used for analyzing the biofouling data. Equation 3 can be expressed in terms of surviving fraction of microorganisms as shown below, where F is surviving fraction of microorganisms.
dRf/dt = F a Cm + p Rf
Two separate experiments were carried out to determine the effects of UV irradiation. The water velocity for both tests was about 1.8 m/s. The surviving fraction of 0.29 was estimated on the basis of the spore test. The predicted fouling curves, along with the control test, for the two tests are shown in Figures 7 and 8. A good agreement between the predicted and experimental fouling resistances for the induction and growth periods indicated that the effects of reducing microorganisms can be explained with factor F equal to 0.29. Somehow, the fraction of surviving microorganisms was not below a threshold value to keep the rate of biofouling negligibly low. The results shown in Figure 7 indicated that the surviving fraction must be reduced to a low value of 0.01 or lower to prevent fouling. The predicted and experimental results show that the UV irradiation may not completely eliminate biofouling, but it will increase the induction period. The resulting effects can be used to reduce the total use of chlorine or ozone by increasing the time period between applications at lower dosage than the current level. 
Ultrasound [US] Treatment
Three separate tests were conducted along with the control test. The first two tests were carried out at water velocity of 1.83 m/s. The first test was carried out bypassing the delay tank (see Figure 3) simulating the inlet section of a heat exchanger. In the second test, the delay tank, with a residence time of 30 seconds, was used. The third test was carried out at a reduced velocity of 0.92 m/s and the delay tank was bypassed. No separate test was carried out to determine the survival or activity rate of microorganisms. As a result, the survival fraction of concentration Cm could not be independently determined. In order to understand the effects of the US treatment, F: in Equation 5 was varied until a good curve fit is observed.
The test data along with the predicted fouling curve for the control and US treatment are shown in Figure 9 . This test was carried out in winter during which the water temperature was about 25 "C. The growth rate during winter was observed to be about 25% lower than that during summer [Panchal et al. 19841 . Therefore, a lower value of 0.002 for a was used as compared to 0.00256 used for other two tests. F was assigned a value of 0.7 which indicated that the US effects to make organisms passive and prevent from deposition were significantly lower than those for the UV irradiation. The US effects were further reduced by the delay tank as seen in Figure I O . F was estimated to be about 0.9 for the data in Figure I O . By reducing the water velocity and thereby increasing the total dosage of the US treatment in test 3 had significant effects, Figure 11 . F was estimated to be about 0.3 for test 3. 
Discussion
The fouling behavior in the presence of UV and US can be explained on the basis of inactivation and/or destruction of microorganisms in the incoming water. In a mathematical term, it can be represented by factor F in Equation 5. The experimental data and predicted results show that biofouling can not be totally controlled by treating the water with UV or US because these two treatments do not reduce the growth factor represented by the second term in Equation 6. One way to take advantages of the such treatments i s to use them along with a chemical treatment. By reducing the deposition rate, the effectiveness of chemicals will be improved, which should result in reduced chemical consumption. The two major issues for both treatments are the energy consumption and scale-up to prototype water pipes.
The present analysis showed that the fouling model described by Equation 2 can be used to evaluate the effectiveness of biofouling control methods. The effects of water velocity, nutrient and oxygen concentrations, and turbullence promoters can be examined with the fouling model. Such a model needs selected experiments to evaluate constants. The model can then be used to determine the effects of biofouling control methods, including chemical treatments.
